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FOREtfORD 


nila  report  was  prepared  bj  The  Franklin  Inetltute  under  USAF  Contract  Noe. 

AF  33(616)-6298  and  AF  33(657)-8940.  These  contracts  were  initiated  under 
Project  No.  7371,  "Applied  Research  In  Electrical,  Electronic  and  Hagnetic 
Materials",  Task  No.  737103,  "Applied  Research  on  Magnetic  Materials."  The  work 
was  administered  under  the  direction  of  the  Directorate  of  Materials  and  Processes, 
Deputy  for  Technology,  Aeronautical  Systems  Division,  Wright-Patterson  Air  Force 
Base,  Ohio.  Mr.  W.  G.  D.  Frederick  was  the  project  engineer. 

This  report  covers  woric  conducted  from  1  May,  1959  to  31  July,  1962. 


ABSTRACT 


Permalloy  films  evaporated  at  normal  and  oblique  incidence  to  a  substrate  were 
examined  by  replication  of  their  surfaces.  Electron  micrographs  revealed  chains  of 
particles  perpendicular  to  the  incident  beam  when  the  angle  of  incidence  was  <70® 
and  parallel  to  the  incident  beam  when  the  angle  was  >70°.  The  degree  of  alignment 
depended  upon  the  angle  of  incidence  and  thickness  of  the  film.  A  statistical 
analysis  of  the  micrographs  was  made. 

Permalloy  films  were  epitaxially  grown  on  NaCl  and  were  annealed  by  electron 
bombardment  in  an  electron  microscope.  Perfect  single  ciystal  diffraction  patterns 
indicated  the  presence  of  [lOO  ]  parent  crystals  and  [l22jtwin  crystals.  Fringe 
patterns  observed  on  electron  micrographs  were  identified  by  dark  fieldomicroscopy 
and  electron  diffraction  as  being  caused  by  platelets  of  twins  100-400  A  thick, 
lying  parallel  to  {ill  ^  planes  of  the  parent  crystal.  The  non-integral  reflections, 
commonly  observed  xn  conjunction  with  twin  reflections,  were  shown  to  be  caused  by 
double  diffraction. 

The  angular  dependence  of  the  torque  in  Permalloy  films  has  been  studied.  In 
films  with  h^,  the  ratio  of  coercive  force  to  anisotropy  field,  less  than  0.5,  the 

results  agree  very  well  with  the  formulas  for  magnetization  reversal  in  an  infinite 
cylinder.  When  h^  >0.5,  the  situation  appears  very  complex.  The  unidirectional 

hysteresis  observed  in  this  range  can  be  understood  very  well  if  the  existence  of 
regions  with  negative  anisotropy  is  assigned.  Various  methods  of  determining  the 
anisotropy  have  been  compared  and  a  torque  technique  for  measuring  dispersion  in 
both  magnitude  and  direction  developed.  The  anisotropy  found  in  films  as  a  function 
of  the  angle  of  incidence  of  the  evaporation  beam  and  the  anisotropy  in  epitaxially 
grown  films  is  reported.  Finally  the  use  of  a  vibrating  sample  magnetometer  to 
determine  the  hysteretic  properties  of  thin  films  is  discussed. 

This  technical  report  has  been  reviewed  and  approved. 
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TOE  STRUCTURAL  AND  MAGNETIC  PROPERTIES  OF  THIN  KAGNETIC  FIIM5 


I.  INTRODUCTION 

The  principle  goals  of  this  research  on  thin  films  have  been  A)  to  study  their 
structiiral  and  magnetic  properties,  B)  to  determine  the  relationship  between  their 
structural  properties  and  their  magnetic  anisotropy. 

The  structural  investigation,  which  was  carried  out  using  electron  microscopy 
and  electron  diffraction,  consisted  of  two  major  phases.  The  first  phase  was  a 
detailed  study  of  the  surface  roughness  of  polycrystalline  Permalloy  and  iron  films, 
as  a  function  of  evaporation  conditions,  and,  in  particular,  of  the  angle  which  the 
incident  beam  made  with  the  substrate.  Ihe  second  phase  involved  the  investigation 
of  the  defect  structure  of  Permalloy  films  grown  epitaxially  in  both  hi^  vacuum 
and  ultra-hi^  vacuum. 

The  magnetic  investigation,  to  a  large  extent,  was  devoted  to  determining  the 
nature  of  the  anisotropy  and  the  magnetization  reversal  process  in  Permalloy  films 
from  a  study  of  torque  behavior  and  rotational  hysteresis.  Ihe  anisotropy  in 
Permalloy  and  iron  films  as  a  function  of  the  angle  of  incidence  was  a  particular 
area  of  concentration.  Ihe  existence  of  dispersion  in  both  magnitude  and  direction 
in  Permalloy  films  and  methods  of  measuring  it  were  investigated  extensively.  The 
anisotropy  in  e:q)itaxially  grown  films  was  detezmined,  and,  in  several  cases,  both 
crystalline  and  Induced  anisotropy  were  found.  Finally  some  work  was  devoted  to 
adapting  a  vibrating  san5)le  magnetometer  for  the  measurement  of  the  hysteretic 
properties  of  thin  films. 

Correlations  between  the  structural  and  magnetic  properties  have  been  found  in 
three  cases.  These  are  in  films  evaporated  at  large  angles  of  incidence,  epitaxi¬ 
ally  grown  films,  and  in  films  prepared  from  special  crucible  materials. 

All  these  topics  will  be  discussed  in  detail  in  the  report  below. 


II.  STRUCTURAL  PROPERTIES 
A)  SURFACE  STUDY  OF  PERMALLOY  FIIMS 
EXPERIMENTAL  DETAILS 
a)  Preparation  of  Permalloy  Films; 

Permalloy  films  were  prepared  by  evaporating  a  1?  wtjS  Fe  -  83  wtjK  Ni  alloy  from 
an  aliaminum  oxide  covered  tungsten  basket.  The  substrates  were  glass  micro-cover- 
slides  which  in  most  instances  were  carbon  coated  to  assure  better  release  of  the 
evaporated  films.  These  glass  slides  were  either  kept  at  room  teiz^)erature  or  heated 
to  70^C  or  300®C  during  evaporation.  The  metal  was  evaporated  at  normal  and  oblique 
incidence  with  respect  to  the  substrate.  The  angles  were  chosen  arbitrarily.  Be¬ 
fore  evaporation  the  apparatus  was  baked  out  at  20^C  for  1  to  2  hours  under  vacuum. 
During  evaporation  the  pressure  remained  at  5  x  10*^  nm  Hg.  The  metal  itself  was 
thoroughly  de-gassed  before  the  magnetic  shutter,  placed  between  the  source  and  the 

Hanuscrlpt  released  b^ihe  authors  4  September  1962  for  publication  as  a  WADD 
Technical  Report.  .. 


target  4  was  removed  and  the  actiial  evaporation  was  begun.  The  evaporated  film 
thickness  ranged  from  <  100  A  to  approximately  2100  a. 

b)  Preparation  of  Replicas 

Freshly  prepared  Permalloy  films  were  replicated  by  evaporating  a  layer  of 
carbon  approximately  200  -  300  K  thick  perpendicularly  onto  the  surface  of  the 
Permalloy.  Ttie  carbon  replica  was  formed  by  the  usual  electron  microscopical 
method,  described  by  Bradley^),  of  evaporation  from  pointed  electrodes  of  spectro- 
graphically  pure  graphite;  to  release  the  replicas  a  solution  of  50jE  concentrated 
HCl  in  distilled  water  was  placed  in  a  Petri  culture  dish.  The  glass  cover  slide 
bearing  the  metal  film  and  the  carbon  replica  was  placed  gently  onto  the  surface  of 
the  acid,  with  the  film  and  the  replica  facing  upward.  The  surface  tension  of  the 
acid  solution  was  sufficient  to  cause  wetting  of  the  film-replica  surface,  with  a 
subsequent  dissolution  of  the  Permalloy  taking  place.  It  was  found  to  be  advan¬ 
tageous  to  score  a  line  around  the  area  of  the  Permalloy  film  before  placing  the 
cover  slide  onto  the  acid.  This  action  facilitated  the  dissolution  of  the  Permalloy 
by  permitting  the  acid  to  attack  the  metal  more  rapidly. 

After  the  bulk  of  the  Permalloy  had  obviously  been  dissolved,  the  carbon 
replica  was  freed  from  the  cover  slide  by  pressing  gently  on  the  comers  of  the 
slide  with  a  needle.  The  carbon  replica  would  then  float  free,  and  the  cover  slide 
would  sink  to  the  bottom  of  the  Petri  dish. 

The  carbon  replica  was  permitted  to  float  on  the  surface  of  the  acid  for  at 
least  one  additional  hour  to  insure  that  any  microscopic  particles  of  Peimaallpy  had 
an  opportunity  to  dissolve.  The  replica  was  subsequently  washed  on  several  changes 
of  distilled  water. 

The  replica  was  then  broken  into  pieces  of  a  size  suitable  for  electron  micro¬ 
scope  specimens  by  touching  it  gently  with  a  sharpened  dissecting  needle.  The 
replica  pieces  were  picked  up  on  copper  specimen  screens  and  permitted  to  dry  in  a 
dessicator. 

After  drying,  the  mounted  pieces  of  replica  were  then  vacuiim  shadowed  at  an 
angle  of  30®  -  vdiereupon  they  were  rea^  for  examination  In  the  electron 
microscope . 

The  slides  ^diich  were  not  previously  carbon  coated  were  handled  identically. 

The  replicas  produced  on  these  slides  were  much  more  difficult  to  release  than  the 
ones  which  had  an  underlying  layer  of  cazt>on. 

In  an  effort  to  rule  out  the  presence  of  artifacts  >diich  might  be  misinter¬ 
preted  as  genuine  Permalloy  structure,  various  combinations  of  replicating  and 
shadowing  materials  were  used  (Table  I.) 
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TABUS  I 

REPLICA  MATERIAL  VS.  SHADOMING  MAIXRIAL 


Rgpligft  aatvrtal 

Carbon 

Carbon 

Carbon 

Caxbon 

Silicon  monooclde 
Silicon  oonoxide 
Silicon  monoxide 
Silicon  monoxide 


aiadoMing  matAl 

Platinum 

Platinum-Palladium 
Chromium 
Tungeten  Oxide 
PlatiniuB 

Platinum-Palladium 
Chromium 
Tungsten  Oxide 


Pt,  Pt-Pd^  and  Cr  had  the  tendency  to  agglomerate  to  one  degree  or  another  in 
the  electron  beam.  The  WO^  was  definitely  superior  to  any  other  material  employed. 

The  structure  exhibited  by  replicas  of  W03-8hadowed  carbon  were  identical  to  I11IO3- 

shadowed  SiO.  Carbon  was  chosen  as  the  replicating  material  because  it  was  easier 
to  use  than  SiO. 

It  was  feared  initially  that  the  carbon  replica  might  possibly  adhex*e  to  the 
carbon  coating  of  the  cover  slide  after  dissolution  of  the  Permalloy  ^  and  thereby 
introduce  extraneous  structure  into  the  specimen.  However^  it  was  found  that  this 
adherence  of  the  c^u7bon  films  occurred  only  occasionally^  and  ^en  it  did  happen^ 
it  was  easily  detected  both  with  the  naked  eye  and  in  the  electron  microscope,  ^en 
the  unde.:'lying  carbon  film  was  allowed  to  age  for  several  days  before  the  Permalloy 
was  evaporated  onto  it^  the  subsequent  release  of  the  replica  was  much  more  easily 
achieved  since  it  was  then  virtually  inqpossible  to  bring  about  the  release  of  tHat 
carbon  coating. 

As  already  mentioned  previously  it  was  considerably  more  difficult  to  release 
the  replicas  >dien  the  underlying  glass  substrate  was  not  coated  with  a  cazbon  layer, 
inierefore,  the  majority  of  films  were  prepared  on  carbon  covered  micro-cover-slides. 
In  addition^  the  fact  that  from  time  to  time^  the  replicas  would  inexplicably  resist 
any  effort  to  bring  about  their  release^  even  from  carbon  coated  glass  slides^ 
stands  as  adiscomfiting  reminder  that  this  entire  technique  is  still  more  an  art  than 
a  science.  This  was  especially  true  for  films  vMch  were  evaporated  at  oblique  in¬ 
cidence  to  the  substrate. 


RESULTS 


Surface  replicas  taken  of  Fe^l  films  prepetred  by  evaporating  the  metal  per¬ 
pendicular  to  the  substrate  exhibited  in  the  electron  microscope  a  structure  re¬ 
sembling  that  of  cobblestone  pavemer '  The  dimensions  of  the  roughness  could  be 
calculated  by  assuming  a  simple  sinusoidal  variation  of  the  thickness  of  the  metal 
film.  The  ampLltvde,  k,  of  the  roughness  is  related  to  the  angle  of  the  shadow 
casting,  or,  the  period,  p,  and  the  length,  s,  of  the  shadow.  Using  the  abbreviation 
t  *  2fT  s/p  the  a]i;)litude  is 


A  “  p(tan  a)  (2  +  2t  sin  t  -  2  cos  t  +  t^)^/^/2TT(l-coe  t). 
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The  measured  values  of  a  ■=  30®,  p  130  I  and  s  •  45  A  gave  A  *  24  1.  It  may, 
therefore,  be  estimted  that  the  hills  on  the  surface  occur  on  the  average  at  a 
sep£LratlQn  of  130  A  and  have  a  height  of  50  X. 

The  surface  rou^iness  could  lead  to  a  uniaxial  magnetic  anisotropy  if  the  hills 
would  merge  Into  ridges  along  a  preferred  direction  or  would  be  elongated  in  such  a 
direction.  However,  the  normal  incidence  films  esdiibited  generally  a  random 
orientation  of  the  surface  roughness  (Fig.  l),  and  an  occasional  oriented  structure 
which  was  observed  (Fig.  2)  remains  an  ine3q)iicable  exception.  In  order  to  see  an 
alignment,  the  micrographs  had  to  be  examined  very  carefully,  and  even  then  the 
chains  of  particles  did  not  run  in  a  particular  direction,  but,  rather,  clusters  of 
chains  were  observed  running  in  one  direction  in  one  £Lrea  and  in  another  direction 
in  another  area.  IMs  type  of  alignment  will  be  referred  to  as  "regional  alignment". 
It  was  also  found  that  ^en  more  than  one  film  was  prepared  during  an  evaporation, 
some  of  them  esdiibited  a  "regiQn£Ll  alignment",  tdiile  others  were  randomly  oriented. 

For  films  evaporated  at  oblique  incidence  to  the  substrate,  the  degree  of 
alignment  was  dependent  upon  the  angle  of  incidence  and  the  thickness  of  the  films. 
Thickness  of  the  films  was  by  far  more  influential  than  the  angle  of  incidence.  One 
could  observe  a  better  alignment  of  particle  chains  in  thin  films  evaporated  at  a 
smaller  angle  of  incidence  thm  in  thick  films  evaporated  at  a  larger  angle. 
Directional  alignment  of  100  A  films  evaporated  at  55^  was  rather  obvious  (Fig.  3)* 
The  chains.of  particles  run  perpendicular  to  the  incident  beam,  as  has  been  observed 
by  Smith^^^  and  KSnig(3},  and  have  an  average  paz*ticle  size  of  approximately  200  - 
250  X.  As  can  be  seen  from  the  micrograph  the  replica  was  shadowed  in  the  direction 
of  the  vapor  stream  of  the  Permalloy,  making  the  shadow  run  approximately  perpen¬ 
dicular  to  the  particle  chains.  In  order  to  rule  out  any  aHifacts  which  might  be 
introduced  by  the  direction  of  the  shadow,  the  replicas  were  shadowed  from  various 
angles.  The  alignment  of  particles  always  was  in  the  same  direction,  l.e.,  perpen- 
diciilar  to  the  Permalloy  vapor  stream.  However,  the  greatest  contrast  was  achieved 
when  the  replicas  were  shadowed  in  the  same  direction  in  iidiich  the  Permalloy  was 
evaporated.  It  was  observed  that  the  particle  size  decreases  with  increasing  film 
thickness.  Films  250  X  thick  evaporated  at  60®  esdiibited  an  average  particle  size 
of  approximately  100  -  150  X.  Chains  of  aligned  particles,  however,  much  shorter 
than  the  ones  observed  in  the  100  X  films,  could  be  seen  (Fig.  4)« 


The  tendency  of  Pennalloy  films  to  become  smoother  with  thickness  was  evident 
on  films  evaporated  to  850  X  thickness  at  40®  incidence.  Here  an  alignment  of 
chains  of  particles  idiich  are  very  short  can  be  observed  (Fig.  5}«  As  for  the 
normal  incidence  films,  in  which  an  alignment  of  topograpl^  was  present,  these  films 
also  exhibited  a  "regional  alignment". 


All  these  films,  aj  mentioned  previously,  exhibited  an  alignment  of  particle 
chains  >diich  was  perpendicular  to  the  Pennalloy  vapor  stream.  However,  the 
metal  was  evaporated  at  an  angle  >  70®  to  a  substrate,  a  90®  reversal  of  the  chain 
direction  took  place,  i.e.  the  ali®iiBent  was  now  parallel  to  the  vapor  «r^. 
Figure  6  shows  a  micrograph  of  a  film,  evaporated  at  grazing  incidence  (85  -  88  ; , 
which  not  only  shows  the  direction  of  the  particle  chains  but  also  eaddbits  a 
"smearing  out"  of  the  particles  in  the  direction  of  the  vapor  stream;  similar 
effects  were  observed  in  all  of  these  films. 
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Figure  2.  Electron  i^icrograph  of  i-oraial  Incidence  Film  Exhibiting 
"regional*  Alignment.  I'lag.  JO^OOOX, 


Figure  3»  Electron  i'licrograph  of  Filna  Evaporated  at  55^ t  1008  Thicic* 
i-'Iag.  3O,O0OX 
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Figure  4  -  Electron  micrograph  of  film  evaporated  at  2^0%  thick* 

>ieg.  3C*000X 
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rigure  3  “  KLectrcn  micro^reph  of  film  evr.porated  et  4^^#  ^30^  tr.ici^. 
3C,CCCX 
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Figure  6  -  Electron  microgreph  of  film  ev^^porated  at  85^,  thicK. 

i-leg.  30,000X 


In  an  attempt  to  secure  quantitative  data^  a  statiatioal  count  of  ohaln 
directions  was  made.  Any  chain  with  acre  than  two  particles  adjacent  to  each  other 
was  counted  for  this  purpose*  A  total  count  of  ^roxJjnately  800  chains  for  each 
aicro^^;^  was  made.  This  data  was  plotted  as  degree  6  vs  frequency  of  direction 
in  %  (Fig.  7)*  The  direction  of  the  shadow  cast^  was  taken  as  0^.  From  these 
^aphs  it  can  be  shorn  that  the  thin  films  (100  a)  have  a  very  high  uniaxial  peak 
(Fig.  7o).  The  250  a  film  (Fig.  7d)  also  exhibited  a  uniaxial  tendency.  So^  one 
can  conclude  that  an  aligrunent  of  siarfaoe  topography  is  rather  evident  for  films  up 
to  250  X  thick.  For  thicker  films  and  smaller  angles  of  incidence  the  graphs  show 
a  more  and  more  randomly  oriented  pattern^  as  predicted  by  visual  inspection  of  the 
aicrogriq)hs  (Fig.  7e).  It  is  also  evident  that  there  is  a  directional  trend  in  the 
few  films  evaporated  at  nonoal  incidence  for  which  this  trend  was  predicted  (Fig. 
7b). 


CONCLUSION 

It  can  therefore  be  concluded  that  normal  incidence  Fe-4li  films  in  general  do 
not  exhibit  a  preferred  siirface  orientation.  Films  evaporated  at  various  angles  of 
incidence  have  surface  alignment,  the  degree  of  urtiich  depends  on  the  angle  of 
evaporation  and  the  thickness  of  the  films.  The  cleaning  method  of  the  substrates 
is  vexy  influential  on  the  final  films.  After  the  substrates  have  been  cleaned,  it 
is  of  utmost  importance  to  place  them  into  the  evaporator  immediately. 

B.  STUDI  OF  EPITAXIALLI  GROWN  PERMALLOY  FllilS 
a)  Experimental  Technique 

The  films  were  prepared  by  evaporation  of  zone-refined  Permalloy  {83%  wt  Ni, 

17^  wt  Fe)  onto  the  cleavage  face  of  a  heated  NaCl  crystal.  The  experim^tal  de¬ 
tails  were  quite  similar  to  those  described  by  Burbank  and  Heidenreichv^)  ^  except 
that  the  films  were  floated  off  the  substrate  without  being  reinforced  by  a  plastic 
lacquer.  The  films  were  600-800  A  thick,  as  measured  by  optical  interferometry  of 
control  specimens  made  on  glass  slides.  Ihe  annealing  was  done  in  the  electron 
microscope  by  increasing  the  electron  current  for  a  few  seconds  to  a  value  at  %diich 
the  Permalloy  and  the  copper  siqsporbing  grid  would  melt  after  prolonged  bombardment. 
This  led  to  a  sintering  of  the  pseudo  mcxiocrystalline  film  into  relative  large  areas 
of  film,  extending  over  several  grid  openings  and  giving  perfect  single  crystal 
diffraction  patterns  without  any  trace  of  polycrystalline  congonents. 

Electron  diffraction,  dark-and  brigit-fleld  electron  microscopy  and  selected 
area  diffraction  was  done  with  the  RCA  electron  microscope  using  the  diffraction 
attachment  for  diffraction  work.  The  instrument  was  operated  at  100  KV.  For  some 
of  the  dark-field  photographs  the  alignment  of  the  instrument  was  changed  in  order 
to  have  the  diffracted  beam  passing  as  close  to  the  optical  axis  of  the  instrument 
as  possible.  The  influence  of  specimen  rotation  and  beam  divergence  was  tested,  the 
latter  by  defocussing  the  double  condenser.  While  rotation  of  the  specimen  had  a 
pronounced  effect,  the  results  were  largely  independent  of  the  particular  setting 
of  the  condenser. 
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b)  Electron  Diffraction  Reeulte 

The  diffraction  patterns  obtained  with  unannealed  ^  pseudo  monocrystalline  films 
were  very  similar  to  that  shown  in  Burbank  and  Heldenreioh's(^)  paper.  Spot  re¬ 
flections  were  superimposed  on  rings  if  they  originated  from  the  parent  lattice  with 
a  ClOO]  orientation  or  from  (ill)  twins  of  that  lattice.  In  addition^  non-integral 
spots  and  streaks  Joining  the  twin  and  parent  reflections  were  observed. 

After  axmealing,  good  spot  patterns  were  obtained  containing  parent,  twin  and 
non-integral  reflections.  1^  rotating  the  specimen  around  an  axis  pex*pendicular  to 
the  electron  beam,  the  appearance  and  disappearance  of  the  parent  and  twin  reflec¬ 
tions  was  investl^ted.  Ihis  followed  a  pattern  vdiich  could  easily  be  predicted  by 
reciprocal  lattice  considerations  assuming  the  superposition  of  one  [100  ]  parent 
lattice  and  four  [l22]  twin  lattices. 

Ihe  behavior  of  the  non-intagral  reflections  was  of  particular  interest  be 
cause  they  would  appear  and  disappeeu:  together  with  their  corresponding  twin  re¬ 
flections  if  they  were  due  to  double  diffraction.  Figures  8a  and  8b  show  that  this 
is  the  case.  After  rotation  of  the  specimen  by  5*^,  strong  twin  reflections  appeared 
above  and  below  the  central  beam.  At  the  same  time  non-*integral  reflections  show 
up  above  and  below  the  two  strong  parent  reflections  to  the  left  and  right  of  the 
central  finding  supports  the  ^ew  held  by  iMrsk  £uid  Vfhitinore(5), 

G8ttsche(^/  and  Burbank  and  Heidenreich^^)  that  the  non-integral  reflections  are 
mainly  due  to  double  diffraction.  The  numerous  non-integral  reflections  observed 
on  other  diffraction  patterns  could  all  be  explained,  in  a  qualitative  manner,  by 
double  diffraction  from  the  parent  crystal  and  its  twins.  A  quantitative  comparison 
of  the  reflected  intensities  was,  however,  not  possible  because  the  direct  beam  and 
the  strong  beam,  ^diich  is  reflected  by  the  parent  crystal  and  gives  rise  to  the  non¬ 
integral  reflections  by  being  diffracted  again  by  the  twins,  traverse  the  twins  in 
different  directions. 

In  addition  to  the  non-integral  reflections,  streaks  extending  in  the  <L11> 
directions  and  Joining  par^t  and  twin  reflections  were  observed.  Their  e3q)lanation 
has  been  given  by  G^ttscheC?)  in  terms  of  diffraction  from  a  lattice  containing  one¬ 
dimensional  faults.  These  streaks  were  more  pronounced  in  unannealed  films,  in¬ 
dicating  a  higher  faulting  probability  for  these  specimens.  Figure  9  shows  streaks 
on  a  selected  area  diffraction  pattern  of  an  unannealed  film. 

If  the  twinned  material  would  occiu*  in  very  thin  lamellae,  parallel  to  {ill] 
planes,  causing  essentially  two-dimensional  diffraction,  the  reciprocal  lattice 
points  would  degenerate  into  rods  extending  in  the  <111>  directions.  However,  the 
appearance  of  the  twin  reflections  on  the  photographs  and  their  behavior  during 
rotation  of  the  specimen  showed  that  the  reciprocal  lattice  of  the  twins  is 
essentially  a  point  lattice,  suggesting  that  the  twinned  regions  are  thick  enough  to 
give  three  dimensional  diffraction  effects.  This  finding  excludes  the  interpreta¬ 
tion  that  the  twin  reflections  are  due  to  extrinsic  stacking  faults,  the  thinnest 
twins  possible. 
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fig.  8  -  Electron  diffraction  pattern  of  an  annealed  Permalloy  film  before  and  after 
rotation  of  the  specimen  by  5^  about  an  axis  perpendicular  to  the  beam.  Ihe 
simultaneous  appearance  of  twin  plus  non~ integral  reflections  suggests  that 
the  latter  are  due  to  double  diffraction. 
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c)  Electron  Microscopy  Results 


Electron  mlcrograj^s  of  the  unanne&led  films  were  similar  to  those  shown  by 
Burbank  and  Heidenreich(4) .  Micrographs  of  the  annealed  speolmens  showed  con¬ 
siderably'  more  details^  aillowing  a  correlation  between  diffraction  effects  and  image 
appearance.  The  micrograph  reproduced  in  Figure  10  shows  numerous  faults  which  ex¬ 
tend  in  the  [no]  direction.  From  the  thickness  of  the  film  and  the  width  of  the 
faults  on  the  micrographs  it  was  estimated  that  the  faults  could  be  platelets  lying 
in  the  {lU}  planes  and  Intersecting  the  film  surface  in  <110>  directions. 

The  araearance  of  some  of  the  faults  mi^t  suggest  that  they  are  stacking  faults, 
Matthews'^/,  Phill4>s(9).  However,  dark-field  photograidis  taken  with  the  twin  re¬ 
flections  always  showed  the  faults  in  contrast.  Iforeover,  these  faults  were  the 
only  regions  which  contributed  to  the  twin  reflections.  It  may,  therefore,  be  con¬ 
cluded  that  twinning  causes  the  fault  contrast  seen  on  the  micrographs.  Figure  11 
(a,c)  shows  that  the  intensity  diffracted  into  the  chosen  twin  reflection  is  due  to 
fringes  of  only  those  faults  ^diich  extend  from  left  to  ri^t  in  the  figure.  Similar 
microgra|di8  were  taken  using  all  twin  and  non-integral  reflections  surrounding  the 
200  reflections  of  the  parent  lattice.  The  results  and  their  interpretation  are 
shown  schttoatically  in  Figure  12. 

Figure  12  is  a  cooibination  of  stereographic  projection,  reciprocal  lattice,  and 
actual  crystal  drawing.  Ihe  square  in  the  center  represents  the  top  surface  of  a 
[100 ]  cube  of  the  parent  crystcLl.  Parts  of  the  four  |l11}  planes  are  shown  by 
shaded  areas.  On  each  of  the  ^LUl  planes  a  twin  (A,  A*,  B,  B')  can  be  formed  ifdiich 
is  depicted  as  a  tetrahedron  with  fill!  faces,  one  of  the  {ill}  faces  of  the  twin 
being  in  contact  with  a  (111)  face  of  the  parent  crystal.  IQie  twinning  planes 
Intersect  the  cube  surface  of  the  parent  crystal  in  <110>  directions  >diich  are  shown 
as  [a],  [a0»  [b],  and  [B']  on  the  stereographic  circle  around  the  center.  Crosses 
on  the  circle  represent  the  poles  of  the  {LOOj  planes  of  the  parent  crystal.  The 
poles  of  the  twin  ^U}  planes  are  shown  as  open  circles* 

Electron  diffraction  diagrams  of  a  specimen  in  [lOO]  orientation  look  similar 
to  the  stereographic  plot  shown  in  Figure  12,  except,  however,  that  x^eflections 
corresponding  to  all  four  200  crosses  and  all  ei^t  Ill  open  circles  will  not  c^ear 
simultaneously  because  of  the  angular  difference  between  the  {LOO}  parent  and 
twin  planes.  The  figure  illustrates  that  a  dark  field  photo  l^en  with  the  twui 
reflection  appearing  at  a  position  marked,  say  A,  A'  will  show  those  twins  ^diose 
twixming  planes  intersect  the  specimen  surface  in  [A],  [A*]  direction.  All  daxk- 
field,  and  their  corresponding  bri^t-field,  i^tos  showed  that  the  fringe  pattern 
of  the  twins  is  elongated  in  the  direction  of  intersection  of  the  twinning  plane 
with  the  surface. 

Ihese  observations  may  be  interpreted  by  making  use  of  Figure  13.  Assuming  a 
nominal  film  thickness  of  700  X  and  a  twinned  region  extending  from  top  to  bottom 
of  the  foil,  as  indicated  in  the  left  drawing  in  Figure  13,  the  top  and  bottom 
parts,  W,  of  the  twin  are  wedge-shaped,  idiile  the  canter  p^,  U,  has  constant 
thickness  in  the  direction  of  the  direct  beam.  Still  referring  to  the  left  of 
Figure  13,  it  is  evident  that  the  transmitted  beam  would  show  two  extinction  fringes 
running  parallel  to  the  line  of  intersection  of  twinning  plane  and  surface.  F^  ^e 
case  of  the  drawing,  the  extinction  distance  given  by  Hirsoh,  Howie  and  Whelanx^) 
for  nickel,  230  X,  has  been  applied  to  Permalloy.  Ihe  intensity  distribution  of  the 
transmitted  beam  has  been  indicated  in  the  lower  part  of  Figure  13* 


Fig.  11  •  Brigftt  field,  dark  field  and  eelected  area  diffraction  pattern  of  tame  area. 
The  tvin  reflection  vfcich  hat  been  ated  for  the  dark  field  photograph  it 
indicated  by  a  circle.  Comparing  brighi  and  dark  field  photographt  it  it 
teen  that  only  famltt  extending  in  one  direction  are  imaged  in  the  dark 
field  micrograph. 
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Fig.  i2  •  Stertogr€iphi€  projtctum,  reciprocal  lattice,  end  actual  eryctal  droving. 
See  text  for  cj^Ionat  ion. 
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For  twins  thicker  then  thst  in  the  left  part  of  Figure  13,  it  ougr  be  seen  fron 
the  right  pert  of  Figure  13  that  a  maxIaBBi  of  five  extinction  fringes,  the  central 
fringe  bei^  scsMwfaat  indistinct,  could  be  expected.  The  faults  shorn  in  Figure  10 
demonstrate  this  behavior. 

In  addition  to  the  fringe  pattern  predicted  from  Figure  13,  more  cooplex 
fringe  patterns  have  been  observed.  Figure  14  shows  a  dark-*field  potograph  taken 
with  a  twin  reflection.  Ihe  more  irregular  sluipe  of  the  twins  is  obvious,  k  pre« 
diction  from  the  diffraction  theory,  Hirsch,  Howie  and  WhelanOO)^  that  the  number 
of  fringes  should  increase  the  more  the  specimen  orientation  deviates  from  the  re* 
flection  position  is  also  visible  in  Figure  14. 

The  explanation  given  here  ignores  the  fact  that  the  twins  are  surrounded  by 
parent  crystal  material.  Whether  the  parent  crystal  takes  part  in  fringe  formation 
would  depend  on  the  closeness  of  its  orientation  to  a  reflecting  position.  In 
general,  it  was  observed  that  different  areas  showed  up  on  the  daxic-field  photo* 
graphs  taken  with  different  reflections,  indicating  that  multiple  diffraction  would 
be  negligible. 

Referring  back  to  Figure  12,  the  full  points  outside  the  stereographic  circle 
represent  schematically  the  positions  of  the  non*integral  reflections.  If  these 
reflections  are  due  to  double  diffraction  of  a  strong  220  reflection  by  the  twins, 
dark*field  photographs  taken  with  these  reflections  should  show  fringe  patterns 
corresponding  to  the  twins  maziced  A,  A’,  B,  B'  in  Figure  12.  Ihis  has  been  observed 
and  supports  the  interpretation  that  the  non*integral  refleoti(ms,  at  least  to  a 
great  extent,  are  due  to  double  diffraction. 

d)  Conclusion 

Annealing  of  Permalloy  monociystalUne  films  in  the  electzx}n8  beam  gave 
specimens  of  perfect  [lOO]  orientation  containing  a  high  percentage  of  (111)  twins. 
By  electron  diffraction  and  microscopy,  it  was  shown  that  the  twins  gave  a  fringe 
pattern  which  could  be  explained  in  terms  of  platelets  lying  parallel  to  the  {ill} 
planes  of  the  parent  crystal.  The  thickness  of  the  twin  platelets  was  estimated 
to  vary  between  approximately  100  A  and  400  A. 

Diffraction  and  dark*field  microscopy  Indicated  that  the  non*integral  re* 
flections  connonly  observed  in  conjunction  with  twin  reflections  are  due  to  double 
diffraction. 


m.  wdamic  properties 

A)  ROTATIONAL  HISTERESIS  IN  PERMALLOY  FIIMS 
1)  Ratio  of  Coercive  Force  to  Anisotropy  Field  <0.5 

Torque  curves  in  thin  Permalloy  films  have  been  studied  using  a  high  sens!* 
tivity  (10**3  dyne-cm)  continuous  recoarding  torque  magnetometer The  results 
.reported  here  m  for  a  1500  X,  7?%  Hi  film,  prepared  by  vacuum  deposition  in  a 
magnetic  fieldC^).  The  hysteresis  loop,  taken  at  1000  cycles,  was  rectangular  in 
the  easy  directim  with  a  coercive  force  1.0  oe.  In  the  hard  direction,  it 

*'was  reversible  with  an  average  anisotropy  field  5.B  oe. 
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Figiire  14  *  Dene  field  photograph  with  twin  reflection*  i4eg* 


The  experimental  reeults  are  eiunnarized  in  Figures  15-*17*  Sxanplee  of  the 

recorded  torque  curves  all  of  vihlch  had  a  period  of  180®,  are  shonn  in  Figure 

15.  For  applied  fields  H  <  H  ,  or  in  the  more  convenient  reduced  field  notation, 

c 

h  <  h^,  ^ere  h  and  h^  ■*  the  torque  was  essentially  zero.  For  h^<Kl, 

the  curves  were  irreversible,  i.e.  showed  rotational  hysteresis  and  were  of  the  type 
shown  in  Figure  15  (a).  For  h  >  1,  the  hysteresis  vanished  and  curves  similar  to 
Figure  15  (b)  were  observed.  This  last  result  is  in  disagreement  with  the  earlier 
work  of  Mayfield \Aio,  using  a  different  technique,  reported  a  non-zero  value  of 
rotational  hysteresis  even  for  fields  as  large  as  h  *=  15. 

Q 

The  anisotropy  constant  K  was  2.5  x  10^  ergs/cc.  It  was  determined  from  the 
magnitude  of  the  high  field  torque  cxirves  ^diich  became  field  Independent  for 
h  >  0.9.  For  h  >  6,  the  curves  assumed  a  nearly  pure  sine  dependence. 

The  rotational  hysteresis  loss  per  unit  volume  (14)  was  cosputed  from  the  torque 
curves  and  is  plotted  versus  the  reduced  field  in  Figure  l6. 

Figure  17  shows  the  cQDq)onent  of  the  reduced  critical  field  in  the  easy 
direction,  h^^,  as  a  function  of  the  coiiponent  in  the  hard  direction  h^. 

The  experimental  results  were  conpared  with  various  theoretical  pictures  of 
magnetization  processea  hi  forromagnets  as  shown  in  Figures  15-17.  Three  models 
were  considered :  (a)  coherent  rotations  as  described  by  Stoner  and  Wohlfarth' 15) ; 

(b)  180®  wall  motion  in  a  uniaxial  single  crystal  as  discussed  by  KondorskyC^/; 

(c)  an  adaptation  of  the  results  of  the  calculations  by  Shtrlkman  and  Treves (17)  on 
non-coherent  reversal  in  an  infinite  circular  cylinder. 

(a)  Coherent  Rotation:  Here  the  film  is  considered  to  be  a  single  domain 
particle  with  uniaxial  anisotropy.  The  saturation  magnetization,  I  ,  is  given  by 

I  =  Using  the  experimental  value  of  H,  and  K,  I  was  calculated  to  be  860 

8  n.  K  ®  /I  A 

emu/cc^  which  is  in  close  agreement  with  the  bulk  valuev^).  As  shown  in  Figure  15, 
the  reversible  parts  of  the  experimental  torque  ctirves  are  in  very  good  agreement 
with  the  calculated  ones.  The  onset  of  irreversible  torque  reversal,  as  well  as  the 
magnitude  of  the  rotational  hysteresis,  are  however,  in  wide  disagreement  with  this 
model  except  in  fields  approaching  h  =  1. 

(b)  130®  Wall  Motion:  Here  it  is  assiamed  that  the  hysteresis  loop  is  rectangu¬ 
lar  and  that  orljy  the  conponent  of  the  field  parallel  to  the  easy  axis  is  effective. 
This  should  be  a  good  approximation  as  long  as  the  magnetization  is  parallel  to  the 
easy  axis,  i.e.,  for  h  «  1.  It  follows,  accordingly,  that  the  rotational  hysteresis, 
W  ,  is  field  Independent,  with  a  value 


(1) 


The  critical  angle  6  is  given  by 

cos  =  -T“ 
n 


C2) 


To  define  its  magnetic  history  prior  to  measurement,  the  film  was  demagnetized  in  a 
sickly  decreasing  1000  cycle  field.  In  addition,  before  recording  each  curve,  the 
applied  field  was  cycled  130° . 
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STONER -WOHLFARTH 
KONDORSKY 


Fi$-  15  *  Angulo  dependence  of  the  torque  L,  plotted  in  reduced  units,  for  two 
valuet  of  t/ie  redbcecf  applied  field;  (a)  h  ■  0,5,  (b)  h  •  1,5,  Ihe 
broken  curves  are  those  calculated  from  the  Stoner^Wohlfarth  (S~W)  and 
Kondorsky  models.  Reversible  portions  of  the  (S-R)  curves  are  not 
shown  in  both  (a)  and  fb),  since  they  fall  on  the  experimental  curves. 
Arrows  indicate  the  direction  of  rotation  of  h. 
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0.9  W-  •  EXPERIMENTAL  POINTS 
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Fig.  17  -  The  component  of  the  reduced  critical  field  in  the  easy  direction,  h^^ 

vs,  the  cosiponent  in  the  hard  direction.  hj>.  The  theoretical  curves  art 
those  derived  from  the  treatsunts  by  Shtriasum  and  Treves  (S^T),  Stoner 
and  Wohlfarth  (S~W),  and  Kondorsky. 


Since  the  ffla^netizatlon  la  parallel  to  the  eaay  axla,  the  torque  L,  la  aliq>ly 

L  -  -H  I.  Sin  e,  e  <  0„ 

8  C 

L  “  H  I  Sin  e,  e  >  0„  (3) 

B  C 

Examination  of  Figures  15*17  shows  that  for  h  «  1,  the  predictions  based  on 
this  model  are  in  good  agreement  with  esqperimant.  However^  as  h  approaches  1,  dis¬ 
crepancies  aj^ear  \diich  grow  as  h  increases. 

(3)  Non-Coherent  Rotation:  Here  the  torque  curves  are  identical  to  those  cal¬ 
culate  from  the  Stoner-WohlfaHh  model  except  when 

h^  <  +  3hj.^j  (4) 

Vilhen  Equation  (4)  Is  satisfied^  the  critical  angle  is  given  by 


although  in  the  regions  vdiere  the  curves  are  reversible^  they  are  the  same  as  the 
Stoner-Wohlfarth  ciurves,  calculated  for  corresponding  regions. 

The  hysteresis  losses  are  confuted  as  described  by  Shtrlkman  and  Treves.  Com¬ 
parison  with  e:q)eriment.  Figure  16^  shows  that  this  model  fits  the  e3q>erimental 
results  reasonably  well  over  the  entire  field  range. 

In  order  to  obt£dn  the  critical  switching  curves  in  the  usual  form^  it  is  con¬ 
venient  to  rewrite  Eq.  5  in  terms  of  and  hj).  It  then  becomes 


Figure  18  shdws  a  plot  of  this  function  for  several  values  of  h^,. 

In  Fig.  17,  the  experimental  switching  curve  is  shewn  for  the  particular  case 
discussed,  and  the  agreement  with  the  Shtrikman-Treves  model  is  again  seen  to  be 
reasonably  good. 

These  favorable  resxilts  are  in  fact  no  surprise.  For  cases  ^ere  hQ«  1,  as 
for  this  film  (h^  =*  0.17),  the  model  is  equivalent  to  the  Stoner^iTohlfarth  one  in  the 
region  h  1  and  to  the  Kondorsky  one  for  h  «  1.  As  it  is  hard  to  attach  physical 
meaning  to  the  picture  assumed  in  the  derivation  of  equation  (5),  l*e.,  an  infinite 
circular  cylinder  describing  a  thin  film,  it  is  perhaps  best  to  regard  it  an  inter¬ 
polation  scheme  between  the  limits  of  the  Stoner4ifohlfarth  and  the  Kondorsky  models. 

authors  are  indebted  to  Dr.  E.  P.  Wohlfarth  for  siiggesting  the  presentation 
of  the  critical  switching  curve  in  this  form. 
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h|.  (EASY  AXIS) 


fig,  18  -  Theoretical  critical  ivitcfcifig  eiirv««  for  eeveral  valaee  of  the  reAteed 
coercive  force,  h^,  derived  from  the  J^trikmm  mtd  Trevee  (S*T)  aodel, 
AUo  the  critical  curve  dtrived  froet  the  Stoner  m^Jhhlfarth  fS-f)  aodel, 
to  ofcich  the  (S-T)  aodel  redaeee  when  ■  (i-h^r'^. 
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As  a  further  check  on  the  validity  of  the  Shtrlksnan-Treves  model  in  thin  films, 
an  experimental  study  of  the  dependence  of  the  hystertic  properties  on  the  param¬ 
eter  he  was  undex*taken«  Fig.  19  shows  the  results'^  for  the  maximum  reduced  rota¬ 
tional  hysteresis  W^/K  and  the  rotational  hysteresis  integralv^9)  W.  For  he  <  0.5 
the  agreement  between  theory  and  experiment  is  satisfactory.  For  he  >  0.5  the  ex¬ 
perimental  value  of  VT  is  too  large.  Thus,  the  range  of  applicability  of  the  model 
is  limited  to  he  <  0.5.  The  situation  in  the  range  he  >  0.5  is  much  more  complex 
and  is  discussed  in  detail  below. 

2)  Ratio  of  Coercive  Force  to  Anisotropy  Field  >0.5 

A  study  of  torque  curves  in  thin  Permalloy  films,  and  the  field  dependence  of 
the  rotational  hysteresis(^)  in  particular,  has  revealed  that  the  results  are 

dependent  on  the  value  of  the  reduced  coercive  force  he  “He/  vAiere  He  is  the 
coercive  force  in  the  easy  direction  and  is  the  average  anisotropy  field. 

Further,  the  films  can  be  classified  according  to  their  torque  curves  in  one  of 
two  categories,  depending  on  whether  he  ^0.5  or  >0.5. 

A  previous  section  has  discussed  the  case  of  he  ^0.5  >diere  both  theoretically 
and  experimentally  the  situation  appears  relatively  straightforward.  In  that  region, 
the  results  agree  very  well  with  formulas  derived  by  Shtrikman  and  Treves(l7)  (S-T) 
for  the  magnetization  reversal  in  an  infinite  cylinder. 

The  extension  of  the  work  to  the  case  he  <0.5,  has  shown  that  the  coherent 
rotation  theory  of  Stoner  and  Wohlfarth(l5)  (S-W),  to  vdiich  the  model  reduces  in 
this  range,  does  not  adequately  describe  the  experimental  resiilts.  This  is  illus¬ 
trated  by  a  typical  example:  a  1400  A,  77^  Permalloy  film  with  he  =  0.9.  For 
applied  fields  h  <1.5  (Fig.  20a),  using  the  reduced  notation,  the  torque,  as  ex¬ 
pected  from  (S-W),  is  sinusoidal  with  a  period  of  n  a  field-independent  amplitude. 
However,  it  is  irreversible,  as  found  also  by  Mayfield(^)  and  Takahashi  et  al(20). 
For  0.7  <h  <1.5,  Fig.  20b,  a  well-defined  uniaxial  hysteresis**  is  observed, 
associated  with  the  anisotropy  of  the  bulk  of  the  film.  Here,  the  behavior  is 
characteristic  of  the  (S-W)  model.  For  0.5  <h  <  0.7  Fig.  20c,  the  torque  is 
irreversible  and  rather  irregular.  For  h  <0.5,  if  the  film  is  previously  saturated, 
the  torque  has  a  period  of  2n  in  agreement  with  the  (S-W)  model.  However,  when 
0.3  <  h  <  0.5,  it  is  irreversible  and  the  hysteresis  is  unidirectional**  occurring 
around  the  easy  direction  of  the  bulk  of  the  film.  The  experimental  curve  in  this 
case  is  shown  in  Fig.  21  (a). 

The  present  discussion  will  be  limited  to  the  origin  of  this  unidirectional 
hysteresis  found  at  low  fields.  This  effect  can  be  understood  qualitatively  very 
well  if  it  is  assumed  that  the  film  contains  small  regions  with  negative  aniso¬ 
tropy,  -K2  is  of  the  order  of  Ki,  the  anisotropy  of  the  bulk  of  the  film.  The 
observations  of  Smith (21)  indicated  the  existence  of  such  regions,  which  have 
been  suggested  by  him  to  account  for  films  with  he  «  1. 

*The  composition  of  the  films,  meastired  generally  about  a  lOOOK  thick,  varied  be¬ 
tween  77  and  83S^  Ni.  This  includes  several  films  kindly  provided  by  A.  Noreika, 
Philco  Corp.,  D.  0.  Smith,  Lincoln  Laboratory  and  M.  Prutton,  I.  C.  T. 

**Uniaxial  hysteresis  is  defined  as  two  irreversible  jumps  of  the  magnetization, 

180°  apart  in  evpry  360°  rotation  of  h.  Unidirectional  hysteresis  is  defined 
as  one  irreversible  jump  in  every  360°  rotation. 
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Fig.  19  -  The  dependence  of  the  maximum  reduced  rotational  hyeteresis,  ^^/K,  and  the 
rotational  hysteresis  integral,  W,  on  the  reduced  coercive  force  h^.  The 
theoretical  curves  are  derived  from  the  Shtrikman  and  Treves  (S~T)  suhUI 
which  reduces  to  the  Stoner  and  Wohlfarth  (S^W)  model  for  h^  >  0.5. 


I  UNIT  ■  0.039  dyne -cm 


Fig.  20  -  Experimental  torque  curves  for  various  values  of  the  reduced  cpplied  field. 


Fi$.  21  -  SMperimental  and  theoretical  torque  curves;  (a)  ehome  the  result  if  the  film 
is  fir»t  eaturated  in  the  6  •  0  direction,  (b)  if  the  film  is  saturateci  in 
the  $  •  n  direction,  and  (c)  if  the  film  is  demonetized*  In  each  case, 
h  •  0.4,  and  the  torque  is  recorded  for  both  cloekmiee  and  counterclockwise 
rotations.  In  (d),  the  torque  calculated  for  an  N.  A*  region  is  ehamn; 

(e)  includes  t^  interaction  wit^ 
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Consider  a  rotational  hysteresis  experiment  in  a  negative  anisotropy  (N*  A.) 
region  described  in  terms  of  the  (S-W)  asteroid(^)[Fig.  22).  Let  the  easy  axis 
of  the  bulk  of  the  film  be  the  y  axis.  Then,  the  x  axis  defines  the  easy  axis  of 
N.  A.  regions.  If  the  total  volume  fraction  of  the  N.  A.  region  is  small,  the 
first-order  effect  of  the  bulk  of  the  film,  saturated  in  the  +  y  direction,  can  be 

represented  by  an  effective  field  also  in  the  +  y  direction,  along  the  hard 

I 

axis  of  the  N.  A.  region.  Obviously  is  determined  by  the  size  and  shape  of 

the  N.  A.  region.  If  the  applied  field  is  then  rotated  by  360®,  the  circle  it 
describes  in  the  (Hx^  Hy)  plane  will  be  shifted  a  distance  |Hpq|  towards  the  cusp 

in  the  +  y  direction  and  will  not,  as  in  the  normal  case,  be  symmetric  with  respect 
to  the  asteroid.* 

Figure  21(d)  shews  the  angular  dependence  of  the  torque  M2  x  ,  where  N2  is 
the  magnetization  of  the  N.  A.  region,  for  clockwise  and  counterclockwise  rotation 
for  the  particular  case  l^ol  = 

culation  was  made  by  determining  H^,  where  =  Hq  +  for  various  orientations 

of  Hq.  Then,  using  Hg,  the  position  of  M2  was  found  from  the  tables  provided  by 
Stoner  and  Wohlfarth(i5) . 

The  general  features  of  the  curve  can,  however,  be  deduced  by  examining 
Fig.  22.  As  Hq  is  rotated  clockwise,  *2  will  be  moved  reversibly,  as  long  as  Hq  is 
in  either  the  first,  third,  or  fourth  quadrants.  In  these  areas,  either  lies 

outside  the  asteroid  or  ^2  already  lie  in  the  same  quadrant.  Only  in  the 

second  quadrant,  when  H©  crosses  the  asteroid  at  A  does  an  irreversible  jun^  occur, 
the  only  one  in  a  complete  cycle  of  360®.  For  counterclockwise  rotations,  M2  is 
moved  reversibly  when  Hq  is  in  any  quadrant  except  the  third.  There,  M2  junq)S  when 
crosses  the  asteroid  at  B.  Thus,  in  this  picture,  the  only  part  of  the  torque 
which  is  irreversible  occurs  between  the  points  A  and  B,  straddling  an  easy  direc¬ 
tion  of  the  bulk  of  the  film. 

.A  ^ 

If  the  torque,  x  Hq,  due  to  the  interaction  of  Hq  with  the  bulk  of  the  film 
is  superimposed,  assuming  that  the  volume  fraction  of  the  total  N.  A.  regions  is 
<  0.2,  the  result.  Fig.  21(e),  is  seen  to  be  qualitatively  in  agreement  with  ex¬ 
periment,  Fig.  21(a). 

According  to  the  proposed  model,  the  direction  about  which  the  loss  occurs 
should  be  opposite  to  the  direction  of  and,  therefore,  of  This  has,  in 
fact,  been  verified  experimentally.  Figure  7(a)  shows  the  unidirectional  loss 
occiirring  around  ®  after  the  film  had  been  first  saturated  at  ®  =  0.  In 
Fig.  21(b),  the  loss  shifted  to  9  =  0,  after  the  film  was  saturated  at  9  »  tt. 

When  the  film  was  demagnetized  by  splitting  it  into  domains,  half  the  N.  A.  regions 
experienced  an  interaction  field  in  the  9  =  0  direction,  and  half  in  the  9  =  tt 
direction.  The  loss  then  appeared  as  expected,  around  both  directions,  Fig.  21(c). 


*It  is  assumed  that  Hq  so  that  the  bulk  of  the  film  behaves  essentially 

as  a  permanent  magnet. 
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The  megnltude  of  the  unidirectlcxial  lose  (observed  in  a  series  of  films 
whose  he  varied  from  0*4  to  1.5)  has  been  found  to  increase  sharply  above  he  ^0.7* 
This  is  indicative  of  a  similar  increase  in  the  total  volume  fraction  of  N.  A. 
regions,  in  agreement  with  Smith ‘sv^^)  results. 

It  is  concluded  that  the  field  dependence  of  the  rotational  hysteresis  becomes 
quite  complex  when  he  is  not  «  1.  The  unidirectional  hysteresis  observed  at  low 
fields  in  films  with  he  ^  0.5  can  be  understood  qualitatively  if  the  existence  of 
regions  with  negative  anisotropy  is  assumed.  Results  interpreted  in  terms  of  this 
model  indicate  that  the  total  volume  fraction  of  negative  anisotropy  regions  in- 
creases  sharply  above  h^  »  0.7*  An  analytic  treatment  of  the  modelfWhich  will 
allcw  a  quantitative  interpretation  of  the  experimental  data,  is  presently  being 
consider^. 

3)  The  Nature  of  Unidirectional  Hysteresis 

A  series  of  experiments  in  which  the  effect  on  the  unidirectional  hysteresis  of 
a  steady  field,  applied  parallel  to  (and  hence  Hjx;),  was  in  progress  at  the 
close  of  the  contract.  The  object  of  these  experiments  has  been^to  try  to  put 
quantitative  values  on  the  magnitudes  of  the  interaction  field,  Hj)q,  and  the 
anisotropy,  and  to  suggest  a  model  for  -K  regions.  The  following  preliminary 

results  were  obtained. 


(i)  Unidirectional  loss  occurs  in  films  with  >0.5. 

(ii)  The  unidirectional  loss  always  occurs  for  h©  ^0.5. 

(ill)  The  unidirectional  loss  is  always  accompanied  by  a  uniaxial 
loss  at  fields  Hq 


(iv) 

(v) 

(vi) 


The  unidirectional  loss  shifts  180“  when  is  reversed. 

The  unidirectional  loss  increases  for  increasing  antiparallel 
to  Ki  and  decreases  for  increasing  parallel  to 


If  Hp  and  are  changed  together,  so  as  to  maintain  (H^  -  H^) 
constat,  the  unidirectional  loss  is  not  constant.  In  fact,  it  is 
larger  for  small  positive  or  negative  values  of  than  for  =  0 
but  decreases  when  becomes  large. 


(vii)  If  Ha  is  applied  along  the  hard  direction  of  the  main  film,  then  the 
unidirectional  loss  is  constant  for  hg^  -  0  and  ha  =  +  0.2. 

The  followi^  suggestions  are  made  as  a  consequence  of  these  results: 


(i)  There  is  a  distribution  of  easy  directions  in  the  small  regions. 
(Result  (vii)) 

(ii)  is  a  function  of  Ha*  (Result  (vi)) 

(iii)  The  asteroid  model  (Fig.  22)  is  only  qualitatively  correct. 

(Results  (iv)  and  (v)) 
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Two  models  for  regions  have  been  invented  and  are  being  investigated: 

(a)  Antiferromagnetic  inclusions  The  anisotropy  of  antiferromagnetic  oxides, 
like  NiO,  is  such  that  its  spins  line  up  normal  to  an  applied  field.  Thus,  in¬ 
clusions  of  NiO  in  a  ferromagnetic  matrix  will  have  their  spins  normal  to  the 
magnetization  of  the  matrix.  Exchange  coupling  can  therefore  result  in  there  being 
a  ferromagnetic  region  immediately  around  the  NiO  inclusions,  having  their  easy 
axes  normal  to  that  of  the  main  film. 

(i)  Anisotropy  of  the  regions 

For  a  ferromagnetic  region  of  volume  V  around  an  antiferromagnetic 
inclusion  of  volume  v  and  anisotropy  K^,  the  anisotropy  will  be  of  the  order  of 
KavA*  NiO  is  of  the  order  of  105  ergs/cc  so  v/V  of  the  order  10"^  gives 

anisotropies  of  the  order  of  those  found  in  the  films . 

(ii)  Scale  of  the  regions 

The  magnetization  distribution  is  similar  to  that  in  a  Neel  wall  so 
we  may  anticipate  the  -K  regions  to  be  of  the  order  of  2-10  wide.  This  is  the 
case. 


(iii)  Density  of  regions 

The  data  of  Uhlig  et  al'  '  leads  to  the  expectation  that,  at 
i^OOX,  there  will  be  0.5m  gm/cm^  of  oxygen  in  a  film  of  mass  80m  gm^cm2.  This  is 
consistent  with  a  concentration  of  105  NiO  regions  of  radius  1,000  A  per  sq.  cm.  of 
film.  This  is  of  the  observed  order  of  magnitude. 


(b)  Elongated  regions 


J24) 


A  similar  model  has  recently  been  independently  proposed  by  Thomas 
Here  the  -K  regions  are  regarded  as  arising  from  regions  with  the  same  easy 
direction  of  induced  anisotropy  as  the  matrix,  but  with  a  different  anisotropy 
magnitude,  .  Further,  these  regions  are  elongated  normal  to  the  easy  diz*ection. 


Simple  analysis  of  these  regions  shows  that: 


Hjjp  =  H.  \  >  where  the  effective  anisotropy  of  the  regions  is  H, 

From  re8\ilt  (ii),  and  the  asteroid  model,  it  can  be  seen  that,  for  this  model  of 
-K  to  apply,  the  regions  must  have  H.  ^  0.5  H. 


Neither  model  explains  the  results  entirely  and  further  investigation 
is  required. 

B)  Determination  of  the  Anisotropy  in  Thin  Permalloy  Films 


The  induced V uniaxial  anisotropy  in.  thin  Permalloy  films  is  generally  assumed 
after  Smith  '25'and  Olson  and  Pohm  ^26)  to  be  of  the  form 


Ej^  =  K  sin^e 


(7? 
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Here,  is  the  anisotropy  energy  per  unit  volume,  K  is  the  anisotropy  constant, 
and  6  is  the  angle  between  the  saturation  magnetization  Ig  and  the  easy  axis 
(Ek  =  O).  Eaqjerimentally,  what  is  normally  measurgdvis  not  K  but  the  saturation 
field  in  the  hard  direction  and  it  is  assumed^^^'  that 


H 


k 


(8) 


When  £q.  8  was  first  considered  applicable  to  films,  it  was  believed  that  the 
magnetization  processes  in  a  thin  film  were  coherent  and  essentially  the  same  as 
those  in  a  single-domain  particle  with  a  unique  uniaxial  anisotropy^  15) ,  For  that 
model,  a  linear  reversible  hysteresis  loop  is  expected  in  the  hard  direction  with 
Hjj  =  2K/Is*  However,  it  is  new  knownv^^^^O)  that  the  coherent-rotation  theory 
applied  to  films  is  very  often  inadequate.  Although  the  discrepancies  between  the 
theory  and  the  observed  behavior  appear  to  decrease  in  proportion  to  the  angle  be¬ 
tween  the  applied  field  and  the  hard  axis,  it  nevertheless  seems  appropriate  to  in¬ 
vestigate  experimentally  the  relationship  between  and  K. 


In  this  paper,  the  results  of  four  independent  types  of  measurements,  all 
yielding  on  the  basis  of  the  coherent  model,  are  compared;  (A)  hysteresis  loop; 
(B)  high  field  torque;  (C)  rotational  hysteresis;  (D)  torque  90®  to  the  easy  axis. 
In  the  cases  where  discrepancies  are  foimd,  it  is  shown  that  they  are  attributable 
to  a  dispersion  in  both  the  direction  and  magnitude  of  the  anisotropy.  Finally, 
a  torque  method  to  determine  this  dispersion  is  discussed. 


DETERMINATION  OF 


A  value  of  field,  equal  to  Hj.  in  the  coherent  model,  was  obtained  from  each 
of  the  four  types  of  measurement  described  in  the  following. 

(a)  Hysteresis  loop;  Using  a  low-frequency  loop  tracer^^^^  a  value  for 
can  be  determined  from  the  hysteresis  loop  observed  in  the  hard  direction.  Un¬ 
fortunately  in  most  instances,  as  the  applied  field  approaches  the  saturation  field, 
the  loop  becomes  irreversible  and  the  exact  saturation  point  is  difficult  to 
determine.  The  generally  accepted  method is  to  reduce  the  field  belcw  the 
onset  of  hysteresis  and  then  to  extrapolate  the  linear  portion  to  the  saturation 
level,  calling  the  field  at  the  intersection  point 

(B)  High  field  torque;  Recently,  with  the  development  of  sensitive  torque 
magnetometers,  it  has  become  possible  to  measure  the  angular  dependence  of  the 
toj^ue  in  thin  films  as  a  function  of  applied  field(30^?2“*3^).  For  applied  fields 
H  »  Hic>  the  torque  t  may  be  defined (3 5)  as 


T  = 


(9) 
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where  V  ia  the  volume  of  magnetic  material  present.  Substituting  from  Eq.  7, 

T=  -KV  sin  2  0  (10) 

Measurement  of  the  volume  and  maximum  amplitude  (t  ==  KV)  of  the  high  field 

max 

torque  (Fig.  23)  allcws  K  to  be  determined  directly  from  Eq.  (lO).  Actually,  it 
has  been  found(30)  in  Permalloy  films  that  becomes  field-independent  for 

H  >  Hjj,  so  that  the  use  of  extremely  high  fields  seems  unnecessary. 


Rather  than  attempt  to  determine  the  volume,  the  saturation  moment,  Ug  =  IgV, 
was  measured  directly  in  a  moment  balanceC^^).  Then,  from  Eq.  (8),  a  value  for 
Hjc  was  calculated,  from  '^max/^s  '  KAs* 


(C)  Rotational  hysteresis:  In  the  coherent  m^el,  the  rotational  hysteresis 
per  unit  volume  Wj.  is  zero  for  applied  field  H  >  Hic(37).  This  means  that  the  field 
at  which  Wr  goes  to  zero  should  also  be  Hk»  The  angular  dependence  of  the  torque 
was  recorded  for  360®  clockwise  and  counterclockwise  rotations  of  H.  Since 

LdO,  where  L  is  the  torque  per  unit  volume  and  ol  is  the  angle  between  H 


and  some  fixed  direction,  the  field  at  which  the  area  defined  by  the  two  torque 
curves  went  to  zero  was  considered  to  be  Hk* 


(D)  Torque  90®  to  the  easy  axis:  The  torque  as  a  function  of  field,  90®  to 
the  easy  exis  of  a  single-domain  particle  with  uniaxial  anisotropy,  can  be  cal¬ 


culated  readily  v38, 3^  assuming 
Fig.  24,  is 

T  =  H 


the  coherent  model.  The  result,  plotted  in 


-.[■  ■  or 


(11) 


This  function  has  several  interesting  properties.  From  E<^  11,  t  =  o  when  H  * 
Also,  the  mayjimim  torque  given  by  dV<iH  =  0  occurs  at  (l/v5)Hk,  and  its  amplitude 
at  this  point  is  0.5  Hk 


The  film  was  saturated  in  the  easy  direction  and  the  torque  recorded  as  a 
function  of  increasing  field  in  the  hard  direction.  The  hard  direction  was  taken 
as  that  direction  in  which,  for  a  field  decreasing  to  zero,  the  torque  was 

zero.  The  field  at  which  the  maximum  in  the  torque  occurred  was  taken  as 

(!//?)%. 


EXFERIMEWTAL  RESULTS 

Values  for  for  several  Permalloy  films  have  been  determined  from  the  four 
techniques  described  in  the  foregoing,  and  the  results  are  summarized  in  Table  II. 
All  the  films  were  in  the  composition  range  77*83^  Ni  and  were  prepared  by 
evaporstiOT*(40),  except  No.  8  which  was  sputtered**. 

^^ilM  No.  5,5,y,  an^  9  were  kindly  provided  by  D.  0.  Smith,  Lincoln  Laboratory, 
MIT,  Lexington,  Massachusetts. 

**Film  No.  8  was  kindly  provided  by  A.  J.  Noreika,  Philco  Coz^poration,  Blue  Bell, 
Pennsylvania.  See  M.  H.  Francombe  and  A.  J.  Noreika,  J.  Appl.  Phys.  32;  97S 
(1961). 
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CooqpArison  of  columns  A  and  B  in  Table  II  shows  that  the  values  of 

determined  from  the  hystereele  loops  and  the  hl^h  field  torques  agree  reasonably 
well.  In  film  No.  9  where  the  largest  discrepancy  exists^  the  hysteresis  loop  in 
the  hard  direction  was  linear  only  for  H  <  0.2  Hic,  necessitating  a  long  extra¬ 
polation  to  saturation.  In  all  the  other  films  the  hysteresis  loops  in  the  hard 
direction  was  linear  and  reversible^  at  least  up  to  H  »  0.5  Using  this  as  an 
arbitrary  limits  it  is  concluded  that,  if  the  hysteresis  loop  in  the  hard  direction 
is  linear  and  reversible  up  to  H  »  0.5  Hjc,  the  value  of  obtained  by  extra¬ 
polation  to  saturation  will  be  equivalent  to  2K/lg,  where  K  is  determined  from  the 
amplitude  of  the  torque  at  high  fields. 

The  values  of  determined  from  the  rotational-hysteresis  method  are  listed 
in  column  C.  Obviously,  a  large  discrepancy  exists  between  these  results  and  those 
shown  in  columns  A,  B,  and  D,  especial]^  when  H^/H^  >  0.4.  Here,  is  the  co¬ 
ercive  force  in  the  easy  direction.  This  is  not  unexpected,  since  it  has  been 
shown(32, 41,42)  that  the  rotational  hysteresis  in  films  very  often  does  not  go  to 
zero  but  maintains  a  constant  value  even  at  fields  as  high  as  700  oe.  The  per¬ 
sistence  of  hysteresis  at  fields  in  excess  of  the  values  found  from  the 
hysteresis  loops  can  be  interpreted  as  a  distribution  in  the  magnitude  of  the 
anisotropy.  Assume  that  most  of  the  film  has  a  single  Hk  Hk'.  Let  the  remainder 
of  the  film  also  have  a  single  Hk  =  Hk’*,  where  Hk”  ^  Hk*'.  In  both  the  hysteresis 
loop  and  the  high  field  torque,  if  the  amount  of  material  with  Hk”  is  <  ^  of  the 
total,  its  presence  would  be  difficult  to  detect  and  the  measured  Hk  would  be  very 
nearly  Hu’.  If  the  rotational  hysteresis  is  now  determined  as  a  function  of 
applied  field,  the  loss  will  not  go  to  zero  at  Hk',  but  will  persist  until  Hk”. 
Thus,  the  rotational-hysteresis  experiment  detects  only  the  effect  of  material 
whose  Hk  is  larger  than  the  measuring  field.  In  the  case  of  a  magnitude  distribu¬ 
tion  in  the  anisotropy,  this  appears  as  a  high  field  tail  on  the  experimental  curve. 

The  values  of  Hk  deduced  from  the  90“  torque  are  listed  in  column  D.  While 
the  results  agree  fairly  well  with  those  shewn  in  coltimns  A  and  B,  they  are,  on  the 
average,  slightly  lower.  Figure  24  shows  a  typical  experimental  90*^  torque  cuznre 
recorded  for  film  No.  1  and  centred  to  the  theoretical  curve  (£q.  11)  for 
Hk  -  8  oe.  The  failure  of  the  torque  to  go  to  zero  near  8  oe  confirms  the 
rckational-hysteresis  data  and  shows  that  material  with  an  Hk  ^  9  oe  must  be 
present  in  film  No.  1.  It  is  to  be  noted,  however,  that  similar  curves  have  been 
calculated  by  Flandersv^/,  assuming  an  angular  dispersion  only  in  the  anisotropy 
directions  of  an  assembly  of  single-domain  particles.  Since  an  angular  dispersion 
is  known(^)  to  exist  in  Permalloy  films  it  is  concluded  that  a  dispersion  in  both 
the  magnitude  and  direction  of  the  anisotropy  exists  in  Permalloy  films.  This  is 
supported  by  the  following  experimental  evidence. 
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disi^ion  in  the  anxsotropi 

pispenlon  in  tha  anisotropy  of  thin  films  has  bean  discussed  both  thaoretl- 
cally\^5,46)  ^nd  eaqparimantallyW#^?/.  In  tha  methods  which  have  been  described 
to  measure  dispersion,  it  was  assumed  that  the  dispersion  existed  only  in  the 
direction  of  the  anisotropy  and  that  the  interaction  between  regions  with  different 
orientation  could  be  neglected. 

Recently,  Flanders  and  Shtrikman^^)  have  developed  a  torque  technique  for 
determining  the  anisotropy  distribution  in  singleMiomain  pcaiders.  Its  extension  to 
films  has  been  carried  out  and  is  discussed  for  the  particular  case  of  film  No.  1. 

The  extension  is  based  on  the  follc^ing  assumptions: 

(1)  The  interactions  between  regions  in  the  films  with  different  anisotropy 
directions  and  magnitudes  can  be  neglected.  This  means  that  only  an  effective 
distribution  is  found  which,  since  the  nature  of  the  interaction  is  unknown,  may  be 
dependent  on  the  experimental  method  employed. 

(2)  If  one  considers  only  the  material  in  the  film  which  has  the  same  aniso¬ 
tropy  magnitude  and  direction,  the  torque  response  of  that  material  in  the  saturated 
condition  to  a  field  90®  to  its  easy  axis  will  be  given  by  Eq.  11,  as  the  field  is 
initially  increased  from  zero.  However,  as  the  field  is  then  reduced  to  zero  from 
some  value  greater  than  the  torque  will  be  zero,  since  the  magnetization  of  the 
material  will  split  by  the  formation  of  domains,  such  as  to  give  two  equal  but 
opposite  components  along  the  easy  axis. 

The  procedure  is  as  follow:  The  film  is  saturated  in  the  easy  direction  as 
determined  from  the  high  field  torque.  The  field  is  then  applied  at  some  angle  ^ 
less  than  90®  from  the  easy  direction,  increased  from  zero  to  some  value  higher 
than  the  highest  Hk  in  the  film,  and  then  reduced  to  zero.  If  the  torque  is  re¬ 
versible,  then  the  angular  dispersion  is  less  than  (90  -c).  ^  is  increased  and 

the  cycle  repeated  until  at  the  torque  becomes  irreversible.  The  angular 

dispersion  ^  is  then  defined  as  6  -  *  (90  -  ^5).  Figure  25  shows  the  result  for 
film  No.  1  in  which  6  =  2 

The  next  step  involves  subtracting  the  decreasing  field  torque  from  the  in¬ 
creasing  field  torque  at  each  angle  to  separate  the  90®  torque  contribution  of 
each  sector.  This  has  been  done  for  film  No.  1,  and  the  reduced  toj^que  curves  so 
obtained  are  plotted  in  Fig.  26.  If  the  distribution  in  magnitude  of  the  aniso¬ 
tropy  in  each  sector  is  not  too  different  (which  is  indicated  for  film  No.  1  by  the 
similarity  between  the  curves),,  the  volume  fraction,  u,  ir,  each  sector  is  pro¬ 
portional  to  the  amplitude. 

To  determine  the  dispersio::  Ln  the  magnitude  of  the  anisotropy,  the  entire 
procedure  is  essentially  repeated.  However,  instead  of  increasing  the  field  con¬ 
tinuously  at  each  angle  to  a  val-e  higher  than  tne  hignest  it  is  increased  in 
steps  in  the  following  ta:uner.  The  field  is  cycled  from  zero  to  a  field  and  back 
to  zero.  Here.  H]_  is  lower  than  the  lowest  H^  in  the  sector.  ‘The  field  is 
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Hi’f/iirn/- riiri’ivs  for  Jilm  No.  1  ohtainrd  from  thr  curves  shanen  in  f  i 
hy  snhtrtirl  tn^  the  torque  for  tiecreastnfi  field  from  the  torque  for  inrreastnf:. 
fteld  ut  each  value  of  (9(1^).  Ihe  %fohtme  fraction,  v,  for  each  sector  itas 
found  hy  u.ssuiiing  l#u*  torque  aaqylttude  to  he  ;)ri>;K>rt umnl  lo  rohwr  o1 
material  in  that  sector. 


incre&aed  to  H2  where  H2  ^  Hx  And  reduced  Again  to  lero.  If  the  torque  le  irrever- 
slblei  all  the  material  aaaociated  with  the  decreaae  in  torque  ia  aaaigned  an 
average  <Hi(>  (Hi  +  H2)/2.  This  proceaa  ia  repeated  until  the  torque  again 
becomea  reveraible  at  a  field  where  is  higher  than  the  higheat  in  the 
sector. 

The  reduced  torque  curves  for  film  No.  1  are  shown  in  Fig.  27*  The  slgnal-to- 
noise  ratio  was  too  low  at  +  7°  for  any  meaningful  determination  of  the  distribution 
in  magnitude.  The  volume  fraction,  contributing  to  each  curve  was  taken  to  be 
proportional  to  A/<Hi^2,  whore  A  ia  the  area  of  each  curve  and  is  the  average 
assigned  to  it.  The  final  total  distribution  is  shown  in  Table  III. 

The  fact  that  the  increments  in  ^  and  H  were  taken  relatively  large  leads  to 
an  appreciable  error.  For  eixample,  all  the  material  whose  easy  axis  lies  between 
2"*  and  A*’  away  from  the  average  easy  axis  was  treated  as  if  it  were  concentrated 
at  2®.  This  weights  the  lower  <Hi^  brackets  too  heavily  since,  in  the  model  used, 
an  applied  field  at  92®  to  the  easy  axis  of  some  material  reverses  the  magnetization 
of  that  material  at  h  =  0.96  and  not  at  h  1  as  assumed.  While  this  error  could 
be  made  superficially  negligible  by  taking  very  small  increments  both  in  angle  and 
field,  the  crudeness  of  the  assumed  model  does  not  Justify  extending  the  procedure 
to  such  fine  details. 


CONCLUSIONS 

It  is  concluded  that  if  the  hysteresis  loop  of  a  thin  Permalloy  film  in  the 
hard  direction  is  linear  for  H  ^  0.5H^,  the  value  of  Hk  obtained  by  extrapolation 
to  saturation  will  be  equivalent  to  where  K  is  determined  from  the  amplitude 

of  the  torque  at  high  fields.  The  values  of  Hk  determined  as  described  from  rota¬ 
tional  hysteresis  and  90®  torque  curves  are  too  high  and  too  low,  respectively,  be¬ 
cause  of  a  dispersion  in  both  the  magnitude  and  direction  of  the  anisotropy.  Using 
a  torque  method,  it  is  possible  to  determine  escperimentally  the  effective  dispersion. 

C)  Oblique  Incidence  Anisotropy 

The  formation  of  a  special  anisotropy  in  thin  films  due  to  evaporation  at  an 
angle  to  the  fiim  normal  has  been  discussed  by  several  authors (2, 49, 50, 51).  Knorr 
and  HofAnan(^O)  originally  proposed  that  the  formation  of  a  texture  axis  was  re¬ 
sponsible  for  the  effect,  but  this  was  shown  to  be  incorrect  by  Pugh  et  alwl). 
Various  experiments,  generally  in  very  thin  films  (200A),  by  Smith  et  al(^)  led 
them  to  propose  a  geometric  self  shadowing  model  which  caused  the  formation  of 
anisotropy  chains  perpendicular  to  the  beam.  Rec^t^,  a  more  coo^licated  situa¬ 
tion  at  grazing  incidence  has  been  found  by  Cohen(52)^  and  a  model  based  on  the 
elongation  of  chains  parallel  to  the  incident  beam  was  suggested. 

With  the  exception  of  the  data  of  Pugh  et  al,  the  value  of  the  anisotropy  has 
always  been  inferred  from  the  measurement  of  the  slope  of  the  hysteresis  loop  in 
the  hard  direction.  For  the  very  large  anisotropy  values  often  encountered 
(Hk  30  -  3000  oe) ,  this  is  a  very  doubtful  technique  since  the  mavlrmim  fields 
available  are  relatively  small.  For  this  reason,  it  was  felt  that  a  determination 
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Fig.  27  -  Reduced- torque  curves  for  film  No,  1,  considering  the  dispersion  in  both  the 
magnitude  and  direction  of  the  anisotropy.  The  volume  fraction  v  assigned 
to  each  curve  was  found  by  assuming  each  curve  represented  o  volume  pro¬ 
portional  to  where  A  is  the  area  of  the  curve  and  is  the 

average  Hu  assigned  to  it.  At  (90^^  ■  ±  7® ,  v  ipas  to^en  to  be  0.1. 
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of  the  anisotropy  directly,  by  torque  measurements,  as  a  function  of  incident  angle 
was  a  worthwhile  experiment.  Later,  with  the  development  of  a  vibrating  sample 
magnetometer,  the  entire  hysteresis  loop  could  be  plotted,  and  very  often  this  was 
used  to  determine  the  anisotropy. 

The  intent  to  measure  high  anisotropy  films  lead  to  the  consideration  of  the 
spurious  torque  which  will  arise  if  the  film  is  not  exactly  in  the  plane  of  the 
rotating  field. 

Consider  a  film,  originally  in  the  x-y  plane,  rotated  about  the  x-axis  by  an 
angle  Qq  (Fig.  28).  Let  the  applied  field  Hq  li©  in  the  x-y  plane  at  an  angle  ^ 
to  the  x-axis.  Let  the  easy  axis  of  anisotropy,  K,  be  at  an  angle  ^  to  the  x  axis. 
Then  M,  the  saturation  magnetization,  can  be  described  by  the  polar  coordinates  0 
and  0.  The  angle  between  and  the  film  is  3,  and  the  projection  of  M  cm  the  film 
and  the  x-axis  is  Since,  experimentally,  the  z-axis  coincides  with  the  magneto¬ 
meter  suspension  axis,  one  wishes  to  determine  magnitude  of  the  torque 

per  unit  volume  in  the  z  direction.  This  is  done  by  determining  the  equilibrium 
position  of  M  for  a  given  set  of  values  of  K,  Hq  and  0i. 

To  obtain  an  order  of  magnitude  value,  consider  an  isotropic  film,  i.e. ,  K  =  0. 
Then  the  calculation  is  straightforward  since  only  two  torques  are  involved,  one 
due  to  the  demagnetizing  field  and  one  due  to  the  external  field.  For  equilibrium, 
they  must  be  equal  and  opposite,  i.e.,  M,  H©  and  n,  the  unit  normal  to  the  films 
must  lie  in  the  same  plane.  In  this  case 

I  t|  =  -  Sin  2B  +  MHq  Sin  (y  -  S)  (12) 


where  N  is  the  demagnetizing  coeffic^ient  perpendicular  to  the  plane  of  the  film, 

(y  -  0)  jMfthe  angle  between  3  and  Hq,  and  Y  is  given  by 

Sin  Y  =  Sin  Oq  Sin  (13) 

Setting  Equation  (12)  equal  to  zero,  one  gets  the  equilibria  condition 


Y  Sin  2B  =  Sin  (y  -  0) 


(U) 


The  torque  per  unit  volume  measured  is  the  reaction,  in  the  z  direction  given  by 


Sin  0  Cos  0. 
o  1 

Cos  Y 


(15) 


Using  2rr  M  =  5  X  lo3  emu/cc.,  the  value  for  Permalloy,  and  0i  =  50®,  various  values 
0Q  and  3  were  substituted  in  Equation  (14)  >  and  Hq  was  calculated.  These  values 
were  then  substituted  into  Equation  (15)  and  was  determined. 
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Fig.  78  •  Film  tilted  amay  from  the  plane  of  the  rotating  field. 
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Table  17 


TORQUE  PER  UNIT  70IZJNE  ]N  A  TILTED  ISOTROPIC  PERMALLOY  FIIM 


e 

0 

0 

? 

T  erg/cc 
z  ^ 

1® 

165 

.013  X  10^ 

1260 

5® 

75 

.22 

1460 

3.8 

10,800 

16 

10® 

110 

1.4 

1470 

15 

6420 
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Table  IV  Is  a  siumnary  of  several  t^lcal  values.  They  are  in 
with  the  recent  work  of  Schuppel  et  al(53),  who  have  carried  out  a 

tion.  These  results  shcjw  that  if  the  anisotropy  field  is  given 

be  true  for  low  dispersion  films#  the  error  introduced  by  a  5®  tilt 
measuring  fields  <  10H|^. 

The  films  were  evaporated  onto  cold  glass  substrates  held  in  the  holder  sham 
in  Fig.  29.  The  distance  from  the  crucible  to  the  holder  was  carefully  measured, 
and  the  angles  to  the  various  substrates  were  measured  graphically.  Figure  30  shows 
the  value  of  the  anisotropy  constant  as  a  function  of  the  angle  of  incidence  for  both 
iron  and  Permalloy.  The  results  for  Permalloy  are  Ui  good  agreement  with  those  ob¬ 
tained  by  Smith  et  al(2),  Cohen(52)  and  Kambersky'54}^  including  a  90®  change  in  the 
easy  direction  for  angles  >70®.  A  comparison  of  the  magnetic  thickness,  i.e. ,  the 
thickness  determined  from  magnetic  moment  measvirements  assuming  a  value  of  Is,  and 
the  optical  thickness  as  determined  by  multiple  beam  interferometzy  on  several  Perm¬ 
alloy  films  is  shewn  in  Table  V.  The  large  discrepancies  found,  especially  near  55®# 
in  contrast  to  normal  incidence  fi^.is,  indicate  a  large  porosity  which  would  be  ex¬ 
pected  if  the  origin  of  the  anisotropy  was  a  net  shape  effect  in  an  a^l^eration  of 
particlds.  Fig.  (9).  A  similar  effect  has  been  observed  by  Kamberskyv54; , 

The  results  for  Fe,  while  qualitatively  in  agreement  with  those  for  Permalloy, 
show  a  considerable  quantitative  difference.  From  the  data  in  Fig.  30  and  in 
Cohen’s(52)  >fork,  K  for  Fe  generally  seems  to  be  about  3  times  larger  than  that  for 
Permalloy  for  the  same  angle.  This  is  very  probably  associated  with  the  difference 
in  I3  for  the  two  materials.  Since  shape  anisotropy  is  proportional  to  I.^,  K  for 
Fe  should  be  ^^4  times  that  for  Permalloy.  If  the  paitiqles  interact,  which  they 
undoubtedly  do,  a  factor  of  3  is  quite  reasonable. 


good  agreement 
similar  calcula- 

by  ^  ,  which  will 

is  <  lOS?  for 
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Figure  29  •  Photograph  of  sample  holder  for  oblique  iDcideoee  films 


Table  V 


OPTICAL  THICKNESS  VS  MAGNETIC  THICKNESS  OF  PERMALLOY  FILMS 


Angle  of 


Optical 
thickness  (K) 


Magnetic 
thickness  (A) 


60 

250 

55 

600 

55 

700 

40 

200 

40 

850 

0 

1500 

200 

300 

260 

40 

520 

1350 


The  reason  for  the  extremely  large  anisotropy  found  at  grazing  incidence  is 
clearly  seen  in  Fig.  (9).  It  appears  that  a  very  rough  platelet  structure  is  formed, 
strongly  orientated  towards  the  beam  direction.  This  structural  evidence  was  well 
corroborated  in  several  films  of  this  type,  in  which  it  was  found  that  the  easy  axis 
could  be  as  much  as  20°  away  from  the  film  plane. 

It  is  therefore  concluded  that  the  anisotropy  found  at  grazing  incidence  is 
caused  by  the  elongated  shape  of  individual  particles  formed  during  evaporation. 

D)  Film  Grrcwn  Epitaxially 

Several  Permalloy  (83^  Ni)  films  which  were  grown  epitaxially  and  deemed  to  be 
single  crystals  by  electron  diffraction  studies,  were  examined  in  the  torque  magne¬ 
tometer.  In  a  few  cases,  no  Sin  4®  component  which  would  characterize  the  crystalline 
anisotropy  could  be  found.  In  others,  however,  such  a  component  was  defi»^itely  ob¬ 
served  in  addition  to  the  usual  Sin  2  9  uniaxial  torque.  Figure  31  shews  the  experi¬ 
mental  torque  curve  for  one  of  those  films.  These  facts  indicate  that  a  certain 
minimum  grain  size  is  necessary  to  cause  an  observable  crystalline  anisotropy.  That 
is,  while  the  grain  size  in  some  sample  may  be  large  enough  to  give  the  diffraction 
pattern  of  a  single  crystal,  it  is  apparently  not  large  enough  to  exhibit  crystalline 
anisotropy.  It  is  felt  that  this  is  a  very  significant  point  and  is  one  which  was 
being  pursued  vigorously  at  the  close  of  the  contract. 

E)  Vibrating  Sample  Magnetometer 

The  study  of  the  hysteretic  properties  of  thin  magnetic  films  has  been  hampered 
by  the  experimental  limitations  of  the  instzniments  used  to  determine  this  behavior. 
Until  very  recently,  the  only  data  available  was  that  which  could  be  derived  from  the 
a.c*  hysteresis  loops  of  fil^  observed  in  instruments  similar  to  that  described  by 
Crittenden  et  alwl)  in  1951.  Using  the  a.c.  field  technique,  difficulties  in  re¬ 
producing  the  true  shape  of  the  hysteresis  loop  are  often  encountered^ Maximum 
field  limitations  are  also  imposed,  since  a.c.  air-core  coils  rather  than  d.c. 
electromagnets  provide  the  driving  fields. 

With  the  development  of  torque  magnetometers  for  thin  films^^^>30,33>34)  an 
important  advance  was  made,  particularly  in  the  study  of  the  nature  of  the  anisotropy 
foiuid  in  magnetic  films.  H(wever,  considerable  care  must  be  taken  in  the  construc¬ 
tion  if  the  necessary  sensitivity  of  10~3  dyne-cm.  is  to  be  realised. 
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Ualng  a  vibrating  aan^le  magnet oaiater^^"'^^\  d.c.  magnetic  meaeurementa  have 
been  made  on  thin  filma  at  thia  laboratory^  from  which  it  la  poaalble  to  obtain  all 
the  information  derived  from  both  the  loop  tracer  and  the  torque  magnetometer.  In 
this  inatrument.  Figure  32^  as  in  Foner’s  Instrument (53)^  the  san^le  is  vibrated  at 
90  cpa.  normal  to  an  applied  d.c.  magnetic  field.  The  frequency  and  motion  are 
provided  by  an  1800  rpm  synchronous  motor,  a  1  to  3  gear  ratio  to  achieve  90  cpa., 
and  an  eccentric  to  transform  the  motion  from  rotational  to  reciprocal.  The  use  of 
a  motor  drive  provides  a  constant  amplitude  of  sample  motion.  This  is  a  particular 
problem  with  systems  using  loudspeaker  drives,  which  become  mechanically  overloaded 
when  large  magnetic  moment  samples  are  measured  at  high  fields  requiring  electronic 
feedback  or  null  type  measurements.  A  motor  drive  can  also  provide  a  large  an^li- 
tude  of  saa^le  motion  and  can  accormnodate  heavy  samples.  Provision  is  made  to  ad¬ 
just  the  an^litude  of  the  vibration  from  .5mm  to  Amm.  The  state  of  magnetization 
of  the  san^^le  is  sensed  by  a  2  x  ICA  cm^  -  turn  coil  which  can  be  situated 
sufficiently  far  from  the  sample  (  '^l  cm)  to  accommodate  temperature  control 
apparatus.  The  axes  of  the  pickup  coil  and  of  the  sample  motion  are  parallel^^^^. 

An  identical  coil  for  minimizing  stray  field  changes  is  connected  in  series  opposi¬ 
tion  with  the  pick-up  coil  and  is  located  directly  below  it.  After  the  90  cycle 
saaqple  signal  is  an^llfled,  it  is  rectified  by  means  of  a  phase  sensitive  detector 
using  a  90  cycle  reference  signal  and  applied  to  a  Mosley  x-y  recorder.  As  viewed 
on  the  recorder,  a  sensitivity  of  5  x  10”5  emu  has  been  obtained  in  measuring  fields 
up  to  10,000  oe.  It  has  been  found  that  the  smoothness  with  which  the  applied, 
fielo  is  changed  is  of  extreme  importance.  The  apparent  noise  level  of  the  in¬ 
strument  can  be  varied  by  several  orders  of  magnitude  depending  on  the  nature  of 
the  field  power  supply,  as  sudden  changes  in  the  field  induce  large  signals  in  the 
measuring  coils. 

With  the  pick-up  coil  and  the  sample  on  a  line  parallel  to  the  applied  field, 
the  output  of  the  pick-up  coil  is  proportional  to  1 1  j ,  the  component  of  magnetiza¬ 
tion  parallel  to  the  applied  field,  and  when  plotted  versus  field  yields  the 
standard  hysteresis  loop.  With  the  coll  and  sample  on  a  line  perpendicular  to  the 
applied  field,  the  output  is  proportional  to  Ij^,  the  component  of  the  magnetization 
perpendicular  to  the  applied  field.  Since  the  torque  is  simply  HIj^,  where  H  is 
the  applied  field,  a  determination  of  It  as  a  function  of  H  contains  the  equivalent 
information. 

The  d.c.  hysteretic  properties  of  a  Permalloy  film  Ni  -  17^  Fe,  1  cm.  in 

diameter  and  1000  X  thick,  are  displayed  in  Figure  33*  saturated  hysteresis  loop 

and  several  minor  loops,  obtained  by  plotting  I||  versus  an  applied  field  in  the 
easy  direction,  are  shown  in  Figure  33A.  The  step-wise  variation  of  I||  near  the 
coercive  field  is  thought  to  be  real  and  is  attributed  to  Barkhausen  Jumps  of  the 
magnetization.  The  high  field  loop  at  10,000  oe  maximum  is  for  the  same  situation 
and  is  indicative  of  the  ability  to  measure  the  film  properties  at  large  values  of 
field.  The  slight  decrease  in  I||  at  high  fields  is  associated  diamagnetic  sus¬ 
ceptibility  of  the  glass  sample  substrate.  Figure  33C  shows  Ij^  versus  an  applied 
field  in  the  hard  direction  after  the  film  was  first  saturated  in  the  easy  direction. 
This  result  is  in  agreement  with  the  90®  remanent  torque  curves  which  have  been 
studied  previous ly(39, 48, J9)  in  conventional  torque  magnetometers. 
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60  CYCLE- 
1800  RPM 
SYN.  MOTOR 


Fig.  32  •  Schematic  diatom  of  motor  driven  90  cycle  vibratinf  cample  ma^tetometcr 
and  coil  confiparation. 
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H  (OERSTEDS) 


H  (OERSTEDS) 


Fig,  33  -  lfy$t€rttic  propertie$  of  a  permalloy  film  83%  Ni  -  17%  Fe,  i  cm  in  diameter 
and  i00Q4  thick,  (A)  low  field  JL  ver$u$  H;  (B)  high  field  vertue  H; 

(C)  vertut  H, 
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It  18  ooncluded  that  the  d.c.  hysteresis  properties  of  thin  magnetic  films  with 
magnetic  moments  as  low  as  10*3  emu  can  be  conveniently  stuidled  using  a  slnqple 
vibrating  sample  magnetometer. 
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IV  OONCIiJSIONS 


The  degree  of  alignment  of  partlclee  in  an  evaporated  film  ie  dependent  upon 
ita  thickneas  and  angle  of  incidence  of  evaporation* 


Annealing  of  paeudo-monocryetalUne  films  will  result  in  perfect  monocrystal- 
line  films  exhibiting  a  hi^  percentage  of  twinning. 

Ihere  is  evidence  that  perfect  monocrystalline  films  can  be  grown  without 
annealing^  ^en  they  are  evaporated  in  ultra  high  vacuum. 

Ihe  angular  dependence  of  the  torque  for  h  <  0.5  is  both  theoretically  and 
e3q>eriiiientally  straightforward.  The  results  agree  very  well  with  the  formulas 
derived  by  Shtxdkman  and  Treves  for  the  magnetization  reversal  in  an  infinite 
cylinder. 

The  angular  dependence  of  the  torque  is  very  conqplex  yhetih  >0.5.  The  uni¬ 
directional  hysteresis  observed  can  be  \mderstood  very  well^if  the  existence 
of  regionewith  negative  anisotropy  is  assumed. 


If  the  hysteresis  loop  in  the  hard  direction  is  linear  for  H  >  0.5  H.  ,  the 
value  of  H.  obtained  by  extrapolation  to  saturation  will  be  equivaleire  to 
2K/t  idiere  K  is  determined  from  the  an^itude  of  the  torque  at  high  fields. 


A  dispersion  in  both  magnltiuie  and  direction  exists  in  the  anisotropy.  This 
can  be  determined  by  a  torque  method. 


If  the  anisotropy  field,  is  given  by 


lo 


which  will  be  true  for  low  dis¬ 


persion  films,  the  error  in  the  torque  measurement  introduced  by  a  5^  tilt  is 
less  than  10${  for  measuring  fields  less  than  lOH^. 


The  large  anisotropy  found  in  films  evaporated  at  grazing  incidence  is  a  shape 
effect.  This  leads  to  a  value  of  this  anisotropy  for  iron  to  be  ~  3  times 
that  in  Permalloy. 


Films  which  are  shown  to  be  single  crystal  by  electron  diffraction  technique 
do  not  always  possess  crystalline  anisotropy.  Ibis  is  suspected  to  be  due  to 
a  grain  size  limit  for  single  crystal  behavior  in  electron  diffraction  vdilch 
is  lower  than  that  size  necessary  for  the  appearance  of  anisotropy. 

The  d.c.  Ijvsteresls  properties  of  thin  magnetic  films  with  magnetic  moments  as 
low  as  10"^  e.m.u.  can  be  conveniently  studied  using  a  simple  vibrating  saa^le 
magnetometer. 


FUTURE  WORK 


It  is  recommended  that  further  attempts  to  correllate  the  structural  and 
magnetic  properties  of  the  films  be  concentrated  on  single  crystal  films.  Here 
the  structviral  situation  is  sufficiently  clear  and  well  defined  so  that  the  very 
slight  structural  effects  which  are  able  to  affect  the  anisotropy  can  be  detected. 
A  comparison  of  single  crystal  films  prepared  at  10“®  nin.  of  Hg  with  those 
prepared  at  10“^  ram.  of  Hg.  would  also  bo  significant.  Since  NaCl  is  hydroscopic, 
other  substrates  e.g.  CaF^,  might  prove  more  convenient  and  reduce  the  probability 
of  film  oxidation. 
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